Hydrogen sulfide (H 2 S), produced by commensal sulfate-reducing bacteria, is an environmental insult that potentially contributes to chronic intestinal epithelial disorders. We tested the hypothesis that exposure of nontransformed intestinal epithelial cells to the reducing agent sodium hydrogen sulfide (NaHS) activates molecular pathways that underlie epithelial hyperplasia, a phenotype common to both ulcerative colitis (UC) and colorectal cancer. Exposure of IEC-18 cells to NaHS rapidly increased the NADPH/NADP ratio, reduced the intracellular redox environment, and inhibited mitochondrial respiratory activity. The addition of 0.2-5 mM NaHS for 4 h increased the IEC-18 proliferative cell fraction (P<0.05), as evidenced by analysis of the cell cycle and proliferating cell nuclear antigen expression, while apoptosis occurred only at the highest concentration of NaHS. Thirty minutes of NaHS exposure increased (P<0.05) cJun mRNA concentrations, consistent with the observed activation of mitogen activated protein kinases (MAPK). Microarray analysis confirmed an increase (P<0.05) in MAPK-mediated proliferative activity, likely reflecting the reduced redox environment of NaHS-treated cells. These data identify functional pathways by which H 2 S may initiate epithelial dysregulation and thereby contribute to UC or colorectal cancer. Thus, it becomes crucial to understand how genetic background may affect epithelial responsiveness to this bacterial-derived environmental insult.
studies have indicated that patients with UC have a 2-8.2 relative risk of colon cancer compared with the normal population (3) . Sporadic colorectal cancer is also a disease with both genetic and environmental determinants and, like UC, is characterized by a hyperproliferative epithelium (4, 5) . Despite the clear evidence for involvement of the luminal environment, specific agents that contribute to the development of UC or colorectal cancer in susceptible individuals remain undefined.
It is reasonable to hypothesize that the environmental components may involve harmful catabolites generated by intestinal bacteria. Hydrogen sulfide (H 2 S), produced by commensal sulfate-reducing bacteria (SRB) in the large intestine, may represent one such environmental insult, for no other reason than it is highly toxic for mammalian cells (6) . H 2 S inhibits cytochrome c oxidase by binding reversibly to the heme site of cytochrome aa3, thereby inhibiting oxidative phosphorylation (6) .
Clinical studies support the involvement of H 2 S in the development of UC and colorectal cancer (7) (8) (9) (10) (11) . For example, fecal samples from UC patients contain a greater number of SRB (7) . Also, H 2 S generation rates and concentrations in UC feces were significantly greater than control fecal samples (7, 8, 9, 10) . Importantly, Christl and coworkers (11) reported that ~50% of human adults from European and North-American populations, in contrast to only 10% of rural black Africans carry metabolically active SRB and the incidence of UC in the latter population is significantly lower than in Western populations (12) . Kanazawa and colleagues (13) demonstrated that H 2 S concentrations were also significantly greater in 13 male patients who had previously undergone surgery for sigmoid colon cancer and who later developed new epithelial neoplasia of the colon, compared with 14 males of similar age with a healthy colon. Despite the clinical links between H 2 S and the development of UC or colorectal cancer, few studies have examined the impact of H 2 S on intestinal epithelial cell function. Roediger and colleagues (14, 15) reported decreased fatty acid oxidation in colonocytes exposed to H 2 S. These H 2 S-induced oxidative changes closely resembled the impairment of β-oxidation observed in colonocytes of UC patients. Christl et al. (16) observed a significant increase in the proliferation of cells residing in the upper crypt region of a colonic biopsy incubated for 4 h with 1 mM NaHS (16) . However, molecular mechanisms underlying this proliferative response have not been defined.
We determined recently that H 2 S concentrations in the mouse large intestine range from 0.2 to 1 mM (17), which are similar to H 2 S concentrations in human feces ranging from 0.3 to 3.4 mM H 2 S (18) (19) (20) . Intriguingly, these H 2 S concentrations are 6-60 times greater than the previously reported H 2 S concentration (50 µM) at which complete inhibition of oxidative phosphorylation occurs (21) . It seems certain, therefore, that H 2 S would alter intracellular redox status, although this has not been investigated. Further, given its reducing nature, H 2 S may act as a proliferative stimulus, as recent evidence links a reduced redox environment with proliferation (22) . Accordingly, the present study examined in nontransformed rat intestinal epithelial IEC-18 cells the impact of large intestinal H 2 S concentrations on intracellular redox status, cell cycle distribution, and MAPK signaling pathways because of their central role in cell cycle regulation. In addition, a microarray approach was used to further define the transcriptional response of intestinal epithelial cells to H 2 S.
MATERIALS AND METHODS

Reagents
Nonessential amino acids, streptomycin, penicillin, fetal bovine serum (FBS), and fungizone were purchased from GIBCO (Grand Island, NY). Sodium bicarbonate, HEPES, trypan blue dye, Hoechst 33342, propidium iodide (PI), phenazinmethosulfate, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), alcohol dehydrogenase, NADPH, and 7-aminoactinomycin (7AAD) were obtained from Sigma Chemical (St. Louis, MO). PC-10 [antiproliferating cell nuclear antigen (PCNA)] was purchased from PharMingen (San Diego, CA), goat-anti-mouse-FITC antibody from Jackson Immuno Research Lab (West Grove, PA), and CMTM-H 2 -rosamine (Mitotracker Orange CM-HM 2 TM-Ros7511) and anti-fade solution from Molecular Probes (Eugene, OR). MAPK inhibitors PD98059, SB202190, and SP600125 were purchased from Calbiochem (San Diego, CA). TRIzol reagent was obtained from Invitrogen (Carlsbad, CA), RNase-free DNase RQ1 from Promega (Madison, WI), and both the RT-PCR kit and 2X SYBR Green PCR Master Mix from Applied Biosystems (Foster City, CA).
Cell culture and treatment
The rat intestinal crypt IEC-18 cell line (23) was obtained from the American Type Culture Collection (Rockville, MD) and maintained in Dulbecco's modified eagle medium (DMEM), supplemented with glucose (25 mM) and nonessential amino acids (0.1 mM of each), 44 mM sodium bicarbonate, 15 mM HEPES, 5% FBS, 250 µg/ml fungizone, and 100 U/l insulin. Cells were incubated at 37°C in a humidified atmosphere of 5% CO 2 in air and serially passaged in 75-cm 2 tissue culture flasks (Corning, Corning, NY). Cells were routinely seeded at a density of 1-5 x 10 5 cells in 25-cm 2 tissue culture flasks (T-25 flasks) and grown until confluence unless indicated otherwise. Cells were subjected to experimental treatments within 3 days after reaching confluence and were washed with HBSS before each experiment was initiated. The test incubations were for various times as indicated and were carried out at 37°C in serum-free phosphate-buffered minimal division medium (MDM), supplemented with 5.6 mM glucose and 0.1 mM nonessential amino acids. Sodium hydrogen sulfide (NaHS) was filter-sterilized immediately before its addition. To minimize loss and spontaneous oxidation of volatile, redoxlabile HS -, vented caps were quickly replaced with nonvented caps for the entire length of the experimental incubation.
NADPH/NADP assay
NADPH/NADP concentrations were determined as described by Hoffman et al. (24) .
Intracellular redox environment
This assay is based on the fact that dihydrotetramethylrosamine (rosamine), when oxidized by reactive oxygen species, forms a fluorescent compound. Fluorescence intensity is directly correlated with the overall redox environment of the cell (25, 26) . To examine the acute effects of H 2 S on intracellular redox environment, confluent IEC-18 cells were washed with HBSS, incubated for 40 min in 2 µg/ml rosamine in MDM, and then detached in 1 ml MDM with a COSTAR (Corning) cell lifter. NaHS (1 mM) was added to the IEC-18 cell solution, which was then immediately analyzed by flow cytometry during 4 min using a Coulter Profile XL flow cytometer (Beckman Coulter, Miami, FL) to examine on-line changes in intracellular redox in response to H 2 S. Excitation with an argon ion laser was at 554 nm, and emission was read at 576 nm.
To analyze the effects of longer H 2 S exposure on the intracellular redox environment, confluent IEC-18 cells were incubated with or without filter-sterilized 1 mM NaHS in MDM for 4 h. After treatment, cells were washed with HBSS and incubated for 40 min in 2 µg/ml rosamine in MDM. Cells were then washed three times in HBSS, detached with a COSTAR cell lifter, and analyzed by flow cytometry as described above. A minimum of 5000 events was analyzed.
Flow cytometric analysis
To determine if the H 2 S-induced hypoxic response resulted in apoptosis or triggered cell cycle progression, the number of apoptotic IEC-18 cells after treatment with H 2 S was analyzed, as well as the cell cycle distribution and PCNA expression.
Apoptosis
The method is based on the finding that late apoptotic cells exhibit increased plasma membrane permeability to certain fluorescent dyes. Specifically, short exposure of cells to a low concentration of Hoechst 33342 results in more intense labeling of apoptotic cells, as compared with nonapoptotic cells. By counterstaining with a viability stain, such as PI, it is possible to distinguish among normal, late apoptotic, and necrotic cells (27) . A dose-response study (0.05-5 mM NaHS) was performed to determine the late apoptotic index after 4 h of exposure to H 2 S. After treatment, cells were trypsinized and ~2 × 10 6 cells were pelleted and resuspended in MDM. Cells were then incubated at 37°C in 1 µg/ml Hoechst 33342 for 3 min, after which the cells were immediately placed on ice. Before analysis, 5 µl of 1 mg/ml PI was added to the cell solution. Cells were then analyzed on a Cytomation MoFlo MLS high speed flow cytometry instrument equipped with an ultraviolet laser.
PCNA expression and cell cycle analysis
A two-color flow cytometric technique was used in which the cell cycle phase was determined by 7-AAD staining and expression of PCNA using a FITC-or phycoerythrin-conjugated mAb as described by Qiao et al. (28) .
MAPK inhibition study
To determine the role of MAPKs in H 2 S-induced up-regulation of PCNA expression, PD98059 (10 µM), a specific blocker of extracellular signal-regulated kinase (ERK; ref 29); SB202190 (100 nM), an antagonist of p38 MAPK (30) ; and SP600125 [30 µM in DMSO (0.30%)-supplemented medium], an inhibitor of Jun N-terminal kinase (JNK; ref 31) were added to the medium after which cells were incubated at 37°C for 1 h. The cells were then exposed to 1 mM NaHS and processed after 4 h for analysis of PCNA expression.
H 2 S oxidation assay
Cells were grown in T-25 flasks as indicated above and incubated in MDM with or without 1 mM filter-sterilized NaHS (n=3) for 30 and 60 min. The supernatant was then collected, and the cells were lysed using 1 ml of NaOH (0.01 M). The cell lysate was lyophilized, and the freezedried pellet was resuspended in 200 µl HCl (0.1 M) to pH neutralize the solution after which remaining cell debris was discarded via centrifugation at 10,000 rpm for 10 min. Both the cell culture supernatant and the lysed cell supernatant were then assayed for thiosulfate concentrations using anion exchange chromatography as described by Isaksen and Finster (32) .
Quantitative RT-PCR
Total RNA was extracted from IEC-18 cells using TRIzol reagent following the instructions of the manufacturer (Invitrogen). RNA quality was determined by loading aliquots onto a 1.2% agarose gel to check for the intensity of 28S and 18S rRNA bands. The RNA was treated with RNase-free Dnase RQ1 according to the instructions of the manufacturer (Promega), and equal quantities of RNA per sample, as determined spectophotometrically at 260 nm, were reverse transcribed to cDNA in a final reaction volume of 40 µl using a RT-PCR kit.
Subsequent quantitative PCR analysis was performed in a GeneAmp 5700 Sequence Detection System (Applied Biosystems) in a 25 µl final volume containing 2X SYBR Green PCR Master Mix, 0.5 µM (each) primer, and 5 µl DNA template. The oligonucleotide primers used to detect c-Jun and GAPDH were as follows: the c-Jun forward (5′-ACTGCAAAGATGGAAACG-3′) and reverse (5′-TCAGGCGCTCCAGC-TCSGGCGA-3′; S=C+G) primers target a 234 bpspecific region of the human or rat c-Jun cDNA sequence; the GAPDH forward (5′-GGAAGCTKGTCATCAATGG-3′) and reverse (5′-ATTTCTCGTGGTTCACACC-3) primers target 230 bp of the rat GAPDH cDNA sequence. The standard amplification protocol included 1 cycle of 2 min at 50°C and 10 min at 95°C to activate the AmpliTaq Gold DNA polymerase in the SYBR Green PCR Master Mix and 40 cycles of two steps each, comprised of 15 s at 95°C and 1 min 15 s at 55°C for c-Jun and GAPDH. Each of the standards and unknowns was analyzed in duplicate from triplicate samples. The concentration of c-Jun mRNA in treated cells was normalized for GAPDH mRNA and expressed as a relative percentage compared with controls.
Microarray analysis
To further elucidate molecular mechanisms underlying the proliferative response of IEC-18 cells to H 2 S, a microarray analysis was performed using the rat genome U34A Array (Affymetrix, Santa Clara, CA), which represents 7,000 full-length rat genes (8,600 with duplicates). The chip contains 16-20 oligonucleotide probe pairs per gene or cDNA clone. These probe pairs include perfectly matched sets and mismatched sets, both of which are necessary for the calculation of the average difference, or expression value, a measure of the intensity difference for each probe pair, calculated by subtracting the intensity of the mismatch from the intensity of the perfect match. This takes into consideration variability in hybridization among probe pairs and other hybridization artifacts that could affect the fluorescence intensities.
Confluent IEC-18 cells were exposed to 1 mM NaHS as described previously. The incubation time was 90 min in an attempt to target both genes induced early in the response to H 2 S and genes whose expression is modulated by early response gene products (33) . Total RNA was extracted from four control and six treated IEC-18 samples using the RNeasy Mini kit (Qiagen, Valencia, CA). RNA from two control and three treated pools was then prepared for GeneChip analysis according to the sample preparation protocol of the Affymetrix GeneChip Expression Analysis Manual (Santa Clara, CA). After hybridization and scanning, the microarray images were analyzed for quality control, looking for major chip defects or abnormalities in hybridization signal. After all chips passed quality control, the data were analyzed using Affymetrix GeneChip software, version 3.0, and Experimental Data Mining Tool software, version 1.0. Each gene that was significantly up-or down-regulated was then assigned Gene Ontology classification based on Unigene annotation (The Gene Consortium, 2001) or highdensity array-pattern interpreter (http://array.ucsd.edu/hapi; ref 34).
Statistics
The results are means ± SE. A minimum of two independent experiments was performed per analysis. Statistical analysis was performed using SAS (version 6.09; The SAS Institute, Cary, NC). For comparison of the differences between control and H 2 S-treated samples for c-Jun and PCNA expression, NADPH/NADP ratio, apoptotic index, thiosulfate concentrations, and the cell cycle, a general linear model procedure was used (version 6.09). The changes in intracellular redox environment were analyzed using paired Student's t tests, whereas statistical significance of linear regression between H 2 S concentrations and the NADPH/NADP ratio was determined using the LINEST function of Microsoft Excel (Redmond, WA). To identify genes on the rat genome U34A array that were differentially expressed between control and H 2 S-treated samples, the average expression intensity of each gene that passed prefiltering by the Affymetrix GeneChip program (version 3.0) in each experimental group was determined, statistically compared using paired Student's t tests, after which the ratio of average expression intensity of each gene between the two experimental groups (H 2 S treated:control or control:H 2 S treated) was calculated. Statistical significance was set at P ≤ 0.05, whereas differences were considered a trend when P ≤ 0.1.
RESULTS
H 2 S decreases the cellular redox environment
The addition of H 2 S reduced the fluorescence intensity of rosamine 20% within 1 min, after which the overall fluorescence intensity stabilized (Fig. 1A) . Rosamine fluorescence in control cells did not change when examined over the same time period (Fig. 1A) .
Results from flow cytometric analysis of the intracellular redox environment after 4 h of H 2 S incubation are presented in Fig. 1B-C . The overall fluorescence emitted by control IEC-18 cells was greater (P<0.05) than the fluorescence emitted by cells incubated with 1 mM NaHS. The average fluorescence intensity of IEC-18 cells treated with H 2 S relative to control cells was 66.9 ± 15.0%. Together, these results demonstrate that H 2 S supplementation significantly reduced the intracellular redox environment compared with control cells.
H 2 S increases the NADPH/NADP ratio
Under control conditions, 33.3 ± 3.1 nmol NADPH and 69.0 ± 4.1 nmol NADP per 10 6 cells was measured, resulting in an average NADPH/NADP ratio of 0.48 ± 0.03. A positive linear correlation (P<0.05) was observed between the H 2 S concentration and the NADPH/NADP ratio for both time points (Fig. 2) , demonstrating that H 2 S increased the NADPH/NADP ratio. The correlation coefficients (r 2 ) for the 5 and 15 min treatments were 0.92 and 0.82, respectively.
However, the increase in the NADPH/NADP ratio was transient, as the NADPH:NADP ratio had returned to baseline values after 1 h of incubation (1 mM NaHS, data not shown).
H 2 S triggers cell cycle entry
Control and H 2 S-treated cells positive for PCNA expression were predominantly found in the S and G 2 /M cell cycle phases, whereas cells negative for PCNA expression were predominantly present in the G 0 /G 1 phase in accordance with PCNA expression patterns observed in other cell types ( Fig. 3A; ref 35 ).
Exposure to 0.2-5 mM NaHS concentrations for 4 h decreased (P<0.05) the G 0 /G 1 cell population compared with control, as ~70% of the cells treated with H 2 S were found in the G 0 /G 1 phase compared with 80% of control cells (Fig. 3B) . The proportion of cells exposed to 0.05 mM NaHS in the G 0 /G 1 phase tended to also decrease (P<0.1). Consequently, 0.2-5 mM NaHS increased (P<0.05) the number of cells in the proliferative cell cycle phases, and a similar trend was observed for 0.05 mM NaHS-treated cells. 
Inhibition of MAPK decreases H 2 S-induced PCNA expression
To determine the involvement of MAPKs in mitogenic signaling by H 2 S, cells were pretreated with MAPK-specific inhibitors for 1 hr and then incubated with 1 mM NaHS for 4 h. Inhibition of either ERK or p38 kinase in the presence of H 2 S decreased the percentage of PCNA-positive cells to levels similar to cells treated with H 2 S alone (Fig. 4C) . Inhibition of JNK did not significantly reduce PCNA expression.
Five millimolar of NaHS increases the apoptotic cell fraction
To determine if H 2 S adversely affected cell function, the fraction of apoptotic cells in samples incubated with 0.05-5 mM NaHS for 4 h was analyzed using a Hoechst dye and PI-based flow cytometric method (Fig. 5) . The overall apoptotic cell fraction in control samples ranged between 3-5%. Exposure to 0.05-1 mM NaHS did not significantly alter the percentage of apoptotic cells. However, treatment with 5 mM NaHS increased (P<0.05) the apoptotic cell population on average fourfold.
Steady-state c-Jun mRNA concentrations are increased in a dose-dependent manner by H 2 S
The presence of H 2 S (1 mM NaHS) increased (P<0.05) steady-state c-Jun mRNA concentrations 2-3 fold after 30 min compared with control cells (Fig. 6A and B) . Steady-state c-Jun mRNA concentrations were, however, not significantly different in cells exposed to 1 mM NaHS for 1 h or 2 h (data not shown). In 30 min incubations, 0.05 mM NaHS was sufficient to increase c-Jun expression, and the effect appeared to reach a maximum at 0.2 mM NaHS (Fig. 6 ).
Representative agarose gels of quantitative RT-PCR amplicons of both GAPDH and c-Jun for control and 0.2-5 mM NaHS-treated samples are displayed in Fig. 6A . It appears that the dose sensitivity to H 2 S of PCNA and c-Jun is similar.
Microarray analysis
Both control and H 2 S-treated IEC-18 cells expressed 49% (4,243 of 8,600) of the Affymetrix gene set. Of these 4,243 genes, 19% (818) were sensitive to H 2 S. Tables 1 and 2 list the transcripts displaying a twofold or greater increase or decrease in expression. Seventeen transcripts (0.40%) displayed 2-to 3.8-fold greater expression in H 2 S-treated compared with control cells, whereas 20 transcripts (0.47%) displayed 2-to 3.4-fold lower expression in H 2 Streated vs. control cells.
Because replicate microarray experiments were performed, significant fold-expression changes lower than 2 were also considered to avoid the exclusion of potentially important molecular responses (36 Tables 3 and 4 . This analysis identified several genes encoding proteins that belong to intracellular signaling pathways [e.g., Ras-MAPK pathway, transforming growth factor-β (TGF-β) pathway], as well as genes involved in growth and proliferation, transcriptional regulation, stress responses, electron transport and ATP generation, redox homeostasis, and genes encoding pro-and anti-apoptotic factors (Tables 3 and 4) .
IEC-18 cells actively oxidize H 2 S to thiosulfate
To determine the ability of IEC-18 cells to detoxify H 2 S via an active oxidation process, thiosulfate concentrations of the cell lysate and conditioned medium of IEC-18 cells were determined in control and H 2 S-treated cells. Thiosulfate was not detected by anion exchange chromatography in either the intracellular content or conditioned medium of control cells. In contrast, thiosulfate concentrations were on average 193 and 208 µM in the cell lysate of cells treated with H 2 S for 30 min and 1 h, respectively (Fig. 7) . Thiosulfate was also detected in the conditioned medium of cells treated with H 2 S for 30 min and was on average 37 µM, whereas thiosulfate concentrations were below the detection limit in the conditioned medium of cells incubated for 1 h with H 2 S. Thiosulfate was not detected in H 2 S-supplemented medium without cells.
DISCUSSION
The present study tested the hypothesis that exposure of nontransformed IEC-18 cells to the reducing agent H 2 S activates molecular pathways that underlie epithelial hyperplasia. The results demonstrate that NaHS concentrations as low as 50 µM caused acute hypoxia, as indicated by changes in the cellular redox environment and the NADPH/NADP ratio in IEC-18 cells. H 2 S also promoted early cell cycle entry with an associated up-regulation of genes coding for proteins in the MAPK signaling pathway and others related to proliferative activity. These in vitro findings provide a working model to further define molecular mechanisms by which H 2 S may contribute to the development of UC or potentially malignant transformation of intestinal epithelial cells.
The rapid reductions in the intracellular redox environment and metabolic activity, together with an increase in the NADPH/NADP ratio, resemble the metabolic responses to cyanide, which also inhibits cytochrome c oxidase and induces hypoxia (37) (38) (39) . Thus, these metabolic changes are characteristic of an acute, chemically induced hypoxic response (24, 40, 41) . The degree to which hypoxia induces apoptosis or proliferation varies with cell type (42) (43) (44) (45) (46) . Except for the 5 mM concentration, treatment with 0.05-1 mM NaHS for 4 h did not increase the apoptotic cell population compared with controls. Analysis of the cell cycle and PCNA expression data indicate, however, that the acute hypoxic state caused by NaHS triggers contact-inhibited intestinal epithelial cells to resume cell cycle entry. Consistent with this outcome is the observation that cells treated with 1 mM NaHS for 4 h were significantly more reduced than control cells. It is now generally accepted that cells with a greater self-renewal potential are labeled to a lesser extent with redox-sensitive dyes such as rosamine compared with differentiated or resting cells, linking a reduced redox environment with proliferation and a more oxidized redox environment with differentiation (22) . Together, these findings agree with a study in which mucosal biopsies from the sigmoid colon were incubated for 4 h with 1 mM NaHS (16). H 2 S significantly increased the fraction of cells in the S phase, due mainly to a 54% increase in the proliferation of cells residing in the upper crypt region (16).
To investigate potential mechanisms underlying H 2 S-induced proliferative signaling, NaHStreated cells were incubated with inhibitors targeting members of the MAPK family: ERK, JNK, and p38 MAPK. These kinases transmit signals from extracellular stimuli, inducing several cellular responses including growth, differentiation, or apoptosis (47) . Hypoxia constitutes one such extracellular stimulus and induces both proliferation and apoptosis through activation of one or all of the MAPKs (42, 48, 49) . Inhibition of ERK, and p38 MAP, but not of JNK significantly reduced NaHS-induced PCNA expression, suggesting involvement of ERK and p38 kinase in the NaHS-induced proliferative stimulus. These results are consistent with the previously reported involvement of both ERK and p38 MAPK in hypoxia-mediated proliferation in a variety of cell types (42, 50) and with results demonstrating activation of ERK in myocytes in response to 1 mM cyanide (51, 52).
Both ERK and p38 MAPK signaling pathways interdependently up-regulate c-Jun expression (53, 54) . There is considerable evidence that Jun-Fos dimers are important components of mitogenic signal transduction (55) . For example, c-Jun, as part of the AP-1 complex, has been implicated in the regulation of PCNA expression (56) . When IEC-18 cells were treated with varying concentrations of NaHS, a rapid, but transient increase of steady-state c-Jun mRNA concentrations was observed compared with control cells. These findings are consistent with studies demonstrating similar kinetics of c-Jun expression in cells subjected to hypoxia or treated with metabolic inhibitors such as rotenone and cyanide (24, 41, 57) . Moreover, the extent of cJun transcript accumulation was similar in cyanide-treated (1 mM; ref 41) and NaHS-treated cells, suggestive of a common mechanism underlying the increase in c-Jun expression. Combined, these results suggest that H 2 S-induced hypoxia may trigger nontransformed intestinal cells to proliferate via a MAPK-dependent mechanism, which activates c-Jun expression, culminating in increased PCNA expression and transition to the proliferative phases of the cell cycle. However, a similar up-regulation of c-Jun and PCNA expression has been described in cells "en route to apoptosis," indicating that early apoptotic cells, which lack obvious physiological signs of apoptosis, also undergo events typical of early cell cycle entry (58) . Although late apoptotic events were not observed in NaHS-treated cells except for the 5 mM NaHS treatment, the possibility that the observed molecular responses may instead reflect an early apoptotic response to H 2 S exposure cannot be excluded.
To further resolve molecular responses of IEC-18 cells to NaHS, microarray analysis was performed using the rat genome U34A array. The increased expression of L1 orphan receptor RDC-1 (59), cytochrome c oxidase subunit V (60), and vascular endothelial growth factor (VEGF; ref 61) , genes known to be up-regulated under hypoxic conditions, as well as the upregulation of several stress-responsive genes (Table 3) , confirm the observation that NaHS triggered an acute hypoxic stress response in IEC-18 cells. Additionally, a variety of genes associated with cell cycle entry were up-regulated, as well as genes contributing to the MAPK signaling pathway (Table 3) , consistent with the independent observation that NaHS induced MAPK-mediated cell cycle entry in IEC-18 cells. Importantly, NaHS also increased expression of GADD45 and mouse double minute-2 (mdm2), genes known to be up-regulated by p53, suggestive of an early apoptotic response (62) . However, MDM2 is a p53 inactivator and thus constitutes an important feedback loop for the control of p53 levels (63) . Moreover, NaHS also increased the expression of insulin-like growth factor receptor (IGF-IR), which is expressed by many tumor cells (64) . Héron-Milhavet and LeRoith (65) have demonstrated recently a direct role for IGF-IR in rescuing cells from apoptosis through a pathway involving MDM2, indicating that H 2 S may induce both pro-and anti-apoptotic signals. Consistent with this hypothesis is the decreased expression of genes encoding pro-apoptotic growth arrest and the DNA damageinducible protein (GADD153) and p53 itself in response to NaHS and increased expression of the protein phosphatase 2A, a promoter of tumor growth known to have antiapoptotic properties (66, 67) . Together, these findings indicate that H 2 S is capable of dysregulating cell cycle control mechanisms.
One particularly interesting finding was the up-regulation of several genes associated with the TGF-β signaling pathway. Although this observation is in apparent conflict with the upregulation of genes involved in cell cycle progression given the anti-proliferative properties of TGF-β signaling (68) , it may represent the molecular expression of additional efforts of NaHStreated cells to prevent uncontrolled proliferation. The down-regulation of c-Myc is consistent with this hypothesis, as decreased c-Myc expression is commonly observed in most cells with an antiproliferative response to TGF-β (69). In addition, inhibition of proliferation in response to TGF-β signaling is only effective during the early G 1 phase, and cells committed to DNA replication in the late G 1 phase will therefore proceed undisturbed by TGF-β until cells reenter the G 1 phase (68) . It has been suggested that TGF-β serves as a rescue mechanism to eliminate preneoplastic cells (70) , as may have been the case in NaHS-treated IEC-18 cells. Loss of cell responsiveness to the antiproliferative properties of TGF-β because of mutations in TGF-β pathway components may then predispose to cancer. Interestingly, mutations in genes coding for TGF-β pathway components are found in the majority of colorectal cancers (71) .
The present results indicate that by providing a proliferative stimulus, H 2 S may disturb the fine balance between apoptosis, proliferation, and differentiation in the intestinal epithelium and thereby contribute to UC or colorectal cancer development. Deoxycholic acid, a naturally occurring modified bile acid, has been proposed to contribute to colonic carcinogenesis via a similar disruption of the balance between cell renewal, differentiation, and apoptosis (72) . To date, there are no reports that H 2 S induces DNA damage or functions as a carcinogen. However, the suggested involvement of ERK in H 2 S-mediated mitogenic signaling and the up-regulation of genes involved in MAPK signaling indicate that H 2 S probably stimulates the Ras/Raf/MEK/ERK pathway, and the best characterized response to Ras activation is the promotion of entry into the S phase (73) . It is well recognized that oncogenic activation of Ras is an important early event in colorectal tumorigenesis (71) , and thus H 2 S may be tumor promoting. Consistent with this idea is the present evidence of NaHS activation of several neoplasm-associated genes, as well as the gene encoding VEGF, which plays an essential role in the progression and metastatization of numerous solid malignancies, including colorectal cancer (Table 3; ref 4 ).
Given its toxic potential, the absence of adverse effects in most SRB-harboring persons suggests, however, that the intestine has developed an adequate defense system against exposure to high H 2 S concentrations. It has been proposed that the mucus layer and intestinal bicarbonate secretions significantly reduce H 2 S exposure (75) . The adherence of epithelial cells to a basal membrane and the presence of cell-to-cell junctions may be another defense system against luminal H 2 S. However, the present results demonstrate that intestinal cells also actively detoxify NaHS via its oxidation to thiosulfate. These findings are consistent with results obtained by Levitt and colleagues (10) using mucosal homogenates from the rat cecum incubated with H 2 S. It has been proposed that the active oxidation of H 2 S may, in fact, represent a functional detoxification mechanism unique to the intestine (76) . Any impairment in this defense system, for example due to predisposing genetic polymorphisms, might also trigger development of chronic intestinal disease. Clearly, it becomes crucial to understand how genetic background may affect disease outcome in response to the bacterial-derived environmental insult H 2 S. The IEC-18 cells were treated with NaHS for 90 min, after which total RNA was extracted from 4 control and 6 treated IEC-18 samples using the RNeasy Mini kit (Qiagen, Valencia, CA). RNA from 2 control and 3 treated pools was then prepared for GeneChip analysis according to the sample preparation protocol of the Affymetrix GeneChip Expression Analysis Manual (Santa Clara, CA). Values are the average expression level of each gene of the 2 control (n=4 flasks) and 3 NaHS-treated (n=6 flasks) IEC-18 pools. mM NaHS for 5 (A) and 15 (B) min, after which they were trypsinized, pelleted, and analyzed for NAD(P)H and NAD(P) following the method described by Hofmann et al. (24) . Results are percent change relative to the NAD(P)H/NAD(P) ratio of control samples. A linear correlation was observed between the dose of H 2 S used and changes in the NAD(P)H/NAD(P) ratio relative to controls. Data are means ± SE for 3 independent experiments. * P < 0.1; ** P < 0.05. 
